Waterlogging stress causes yield reduction in cotton ( Gossypium hirsutum L.). A major component of waterlogging stress is the lack of oxygen available to submerged tissues. While changes in expressed protein, gene transcription and metabolite levels have been studied in response to low oxygen stress, little research has been done on molecular responses to waterlogging in cotton. We assessed cotton growth responses to waterlogging and assayed global gene transcription responses in root and leaf cotton tissues of partially submerged plants. Waterlogging caused signifi cant reductions in stem elongation, shoot mass, root mass and leaf number, and altered the expression of 1,012 genes (4 % of genes assayed) in root tissue as early as 4 h after fl ooding. Many of these genes were associated with cell wall modifi cation and growth pathways, glycolysis, fermentation, mitochondrial electron transport and nitrogen metabolism. Waterlogging of plant roots also altered global gene expression in leaf tissues, signifi cantly changing the expression of 1,305 genes (5 % of genes assayed) after 24 h of fl ooding. Genes affected were associated with cell wall growth and modifi cation, tetrapyrrole synthesis, hormone response, starch metabolism and nitrogen metabolism The implications of these results for the development of waterlogging-tolerant cotton are discussed.
Introduction
Waterlogging is a serious impediment to plant growth, and causes signifi cant yield losses in many crop species. When grown on poor draining soils, cotton ( Gossypium hirsutum L.) is particularly susceptible to waterlogging stress and can suffer yield reductions from 10 % (Bange et al. 2004 ) to 40 % (Hodgson 1982 ) . Field experiments with waterlogged cotton ( > 16 h) have recorded reductions in lint fi bre yield resulting from fewer fruits (bolls) (Hodgson 1982 , Hodgson and Chan 1982 , Bange et al. 2004 . Fewer bolls resulted from decreased overall growth (height, nodes, leaf area) and from lower radiation use effi ciency (g dry matter MJ −1 intercepted radiation), a surrogate for crop photosynthesis (Bange et al. 2004 ). Conaty et al. ( 2008 ) also showed waterlogging stress to cause alterations to leaf mineral nutrient levels and photosynthetic rates in cotton.
Waterlogging results in lowered levels of oxygen in the plant root zone due to the low diffusion rate of molecular oxygen in water. Responses to low oxygen levels (hypoxia) have been studied in Arabidopsis thaliana , as well as in a number of crop species. Low oxygen levels cause rapid changes in gene transcription, protein synthesis and degradation, and cellular metabolism (reviewed in Bailey-Serres and Voesenek 2008 ) . Global gene expression studies in Arabidopsis, rice and poplar have revealed complex responses to low oxygen involving signifi cant changes in ∼5-10 % of all the genes assayed (Klok et al. 2002 , Liu et al. 2005 , Loreti et al. 2005 , Lasanthi-Kudahettige et al. 2007 , Kreuzwieser et al. 2009 ). Early studies of hypoxiainduced changes in cellular proteins identifi ed a set of about 20 anaerobically induced polypeptides (ANPs) present in a number of plant species (Sachs et al. 1980 , Kelley and Freeling 1984a , Kelley and Freeling 1984b . The majority of the ANPs function in glycolysis and fermentation pathways . Arabidopsis lines over-or underexpressing sucrose synthase 1 and sucrose synthase 4 ( sus1 and sus4 ) or the ethanolic fermentation genes alcohol dehydrogenase ( adh ) and pyruvate decarboxylase 1 ( pdc1 ) have demonstrated that these genes are essential for tolerance to low oxygen (Ellis et al. 1999 , Rahman et al. 2001 , Kursteiner et al. 2003 , Bieniawska et al. 2007 ). Of these, only pdc and adh have been assessed in cotton for their role in waterlogging tolerance , but increased expression of either gene did not signifi cantly enhance the fi eld performance of cotton. Improvements in root survival have been achieved in Arabidopsis by overexpressing the lactic acid
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fermentation gene lactate dehydrogenase ( ldh ) (Dolferus et al. 2008 ) . However, altering the expression of alanine aminotransferase ( alaat1 ), which was thought to control an alanine fermentation pathway, did not affect tolerance to low oxygen in Arabidopsis , Miyashita et al. 2007 .
While hypoxia does affect energy metabolism, and root zone hypoxia is clearly a major component of waterlogging stress, fi eld observations showing altered growth rates, photosynthetic rates and mineral nutrient content in waterlogged plants indicate that waterlogging stress is more complex than just an altered energy metabolism in the roots. While studies of model plant responses to low oxygen have provided crucial insights, they have often been carried out under highly artifi cial conditions (entire plants are placed in low oxygen atmospheres, sometimes supplemented with sugars and sometimes in the dark) that do not mimic the effects seen in soil under fi eld conditions. Also, studies on the molecular responses of root and leaf tissue to soil waterlogging have been comparatively scarce, with the fi rst such study only performed recently in gray poplar ( Populus × canescens ) by Kreuzwieser et al. ( 2009 ) .
To gain insight into the molecular mechanisms of cotton's responses to waterlogging the global gene transcription changes in both submerged roots and aerial leaf tissues of waterlogged cotton plants were examined in glasshouse experiments. Widespread effects of waterlogging on major plant biochemical pathways were observed, and suggested novel strategies to enhance waterlogging tolerance in sensitive crops such as cotton.
Results

Waterlogging results in impaired growth of young cotton plants
The effects of severe waterlogging on the growth of young cotton plants was examined by submerging the root systems of cultivar Sicot 71 growing in a temperature-controlled glasshouse. Sicot71 has been previously reported to be relatively tolerant to waterlogging under fi eld conditions (Conaty et al. 2008 ) . Cotton seedlings in individual pots were placed in tubs which were then fl ooded to above the soil surface to produce waterlogging conditions. Waterlogging treatments lasted 48, 72, 96 or 240 h and plant growth was monitored both during the treatments and during the recovery period after return to normal conditions. Under the conditions used, oxygen levels in the soil around the roots began to decrease in as little as 4 h after root submergence and leveled off at around 27 % of the initial saturated oxygen levels after 96 h ( Supplementary  Fig. S1 ). The waterlogging treatment resulted in a rapid decrease in stem elongation, which was readily measurable after 2 d and which led to a reduction in stem growth to 40 % of the control at the end of the 240 h experiment ( Fig. 1A ). Shoot and root dry matter was also reduced to 81 and 38 % , respectively, of control masses at the end of the waterlogging treatment ( Fig. 1B, C ).
Leaf conductance in the waterlogged plants at the end of the waterlogging treatment was reduced to 17 % of control conductance ( Fig. 1D ). Average leaf number was also reduced in the waterlogged plants ( Fig. 1E ) .
When shorter periods of waterlogging were used, daily increases in stem height were depressed in all treatments, although this effect was most severe in the 96 h treatments where the daily growth rate was 27 % of the control growth rate at 120 h after the start of waterlogging ( Fig. 2A ) . In all treatments, daily growth rates eventually recovered to match that of the freely draining control plants. Despite the recovery in growth rate, each of the 48, 72 and 96 h treatments showed lower cumulative growth over the duration of the experiment. For both daily growth rate and cumulative growth, the 48 and 72 h waterlogging treatments resulted in very similar responses, while the 96 h treatment resulted in signifi cantly lower daily growth rates and cumulative growth than the other waterlogging treatments and the control ( Fig. 2B ). Roots remained viable following a 96 h waterlogging treatment as determined by vital staining using propidium iodide (PI) and 5,6 carboxyfl ourescein diacetate (CDFA) (Supplementary Fig. S2 ).
Waterlogging stress caused changes in global gene transcription in roots
Using the same experimental set-up as for growth measurements, plants were waterlogged for 4, 8, 24, 48 and 96 h. Selected genes were assayed in each time point sample via quantitative reverse transcription-PCR (QRT-PCR), using the unwaterlogged 0 h time point as a common reference. A time-course design with a common reference sample was chosen to allow for comparisons of expression levels between time points. The 4 h time point was chosen for the root microarray experiment based on the observation that oxygen levels in waterlogged pots were already declining (Supplementary Fig. S1 ) and on preliminary QRT-PCR results which showed large increases in gene expression at 4 h for adh , sus and hemoglobin 1 ( glb1 ). These genes ( adh , sus and glb1 ) exhibited expression patterns in these preliminary assays that were essentially the same as those in later assays of these same genes presented in Fig. 4 . Microarray comparisons of gene expression in waterlogged and non-waterlogged roots revealed extensive changes in global gene transcription, with 1,012 genes (4 % of the genes assayed) showing a > 2-fold change in expression with an adjusted P -value <0.05 (Supplementary Table S2 ). Of these, 593 (59 % ) genes were up-regulated and 419 (41 % ) were down-regulated in response to waterlogging stress. Genes with altered expression spanned a wide variety of regulatory and metabolic processes. Gene expression changes as represented and analysed via Wilcoxon Rank Sum test with a Benjamini-Yekutieli correction in the Mapman software package (Thimm et al. 2004 , Usadel et al. 2005 showed a large increase in expression of genes associated with the glycolysis ( P < 0.01), fermentation ( P < 0.05) and mitochondrial electron transport pathways ( P < 0.01), which are often a hallmark of low oxygen stress. In addition genes associated with cell wall synthesis ( P < 0.01), fl avonoid production ( P < 0.01) and synthesis of amino acids in the aspartate ( P < 0.01) and serine-glycine-cysteine ( P < 0.01) pathways were downregulated ( Fig. 3 ) .
A selection of 25 genes signifi cantly altered in their expression following 4 h of waterlogging that have either a known or a hypothesized role in responses to low oxygen stress were assayed via QRT-PCR over a time-course of waterlogging treatment from 0 to 96 h ( Table 1 , Fig. 4 ). Representative genes chosen for analysis were involved in: glycolysis and fermentation pathways, nitrogen assimilation pathways because of the noted effects of cotton waterlogging on nitrogen levels (Hocking et al. 1985 , Soomro and Waring 1987 ) , and hormone production/signaling pathways since the hormones ethylene, cytokinin and gibberellin have been associated with low oxygen stress (Burrows and Carr 1969 , Reid et al. 1969 , Sairam et al. 2008 . Expression patterns for these genes could be visually separated into four broadly similar groups ( Fig. 4 , Supplementary Table S4 ). The fi rst cluster showed increased expression at early stages of waterlogging stress, peaking around 4-24 h, with declining expression thereafter. This group included the key low oxygen-induced genes adh (U49061.1), sus (DT571793) and glb1 (AF329368.1) ( Fig. 4 ) . This group also includes 1-aminocyclopropane-1-carboxylate ( ACC ) oxidase (AJ513177) and an ethylene response factor (DN758487), implicating ethylene in early stages of the waterlogging response ( Fig. 4 ) . The second cluster showed an initial increase in expression at 4-8 h, followed by a lull at 24 h and then a rise to 96 h ( Fig. 4 ) . This group contained the fermentation gene pdc (DT570463), an aspartate aminotransferase (AI055377) and genes involved in jasmonate and ethylene synthesis (DT468296 and DQ122174) ( Fig. 4 ) . The third cluster showed a sharp increase in expression at 4 h followed by a decline and leveling out of expression at later time points ( Fig. 4 ). This group consisted of genes involved in nitrate metabolism (CO085887), three putative transcription factors with similarity to the ethylene response factor RAP2.2 (CO092566), a NAC transcription factor (DT466083) and At the end of the waterlogging period, measurements were made for (B) root dry weight, (C) shoot dry weight, (D) leaf conductance measured as the inverse of the time required for a fi xed volume of air at defi ned pressure to diffuse through the leaf (1 s −1 ) and (E) average leaf number. All error bars are the SE ( n = 12). t -tests were performed to compare fl ooded plants with control plants ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
a basic helix-loop-helix (bHLH) transcription factor (AJ513156, Fig. 4 ). The fi nal cluster showed a sharp decrease in expression immediately following waterlogging stress, with expression increasing again between 24 and 96 h ( Fig. 4 ) . This group included genes involved in jasmonate production (CO125437 and DT052325), cytokinin production (DW500114), ethylene production (DT047396) and nitrate transport (DR462495) ( Fig. 4 ) . Although using the 0 h sample as a common reference could identify circadian-regulated genes, none of the genes assayed via QRT-PCR showed an expression pattern consistent with solely circadian regulation. Correlation between QRT-PCR and microarray expression values for root genes was moderately high ( R 2 = 0.645), although QRT-PCR-derived expression values tended to be lower in magnitude, regardless of direction.
Waterlogging caused changes in global gene transcription in leaves of root-waterlogged plants
Waterlogging stress is different from complete submergence in that only the lower and subsoil portions of affected plants are directly subjected to the stress. Although hypoxia is the main component of waterlogging stress, most studies of global gene expression under hypoxia have subjected entire plants to a low oxygen atmosphere. A time-course assay of leaf expression for selected genes was conducted in the same manner as for root tissue, and global transcriptional responses in shoot tissue of plants with their roots waterlogged for 24 h were examined via microarray to prevent identifying changes occurring due to circadian effects. A total of 1,305 genes (5 % of the genes assayed) showed a change in expression levels of ≥ 2-fold with an adjusted P -value of <0.05, with 755 (58 % ) of these being down-regulated and 550 (42 % ) being up-regulated relative to control shoots (Supplementary Table S3 ). A total of 109 genes were found to have altered expression in both root and leaf tissues, of which 35 showed opposite expression responses in the two tissues (i.e. increased expression in root and decreased expression in shoots, or vice versa), with the remainder showing similar expression differences in each tissue (Supplementary Table S2 , S3). Genes from a wide variety of pathways were affected in leaves by root waterlogging ( Fig. 5 ). The majority of the fermentation genes were not affected in leaf tissue, although one adh gene (BE054959) had a 2-fold increase in expression ( Table 1 ). Using the Mapman software, the functional categories of tetrapyrrole synthesis which includes genes involved in . Stem elongation was measured at intervals, and (A) daily change in height or (B) cumulative growth was calculated ( ± SE, n = 12). Growth measurements were subjected to a one-way analysis of variance (ANOVA) and Tukey's HSD tests ( P < 0.05). Data points from the same day with different lower case letters were signifi cantly different from each other. chlorophyll production ( P < 0.01), purine synthesis ( P < 0.01), cell wall modifi cation ( P < 0.01), homoserine ( P < 0.05) and lysine ( P < 0.05) synthesis were all found to be signifi cantly down-regulated ( Fig. 5 ). The functional categories of fl avonoid production ( P < 0.01) and starch synthesis ( P < 0.01) were upregulated ( Fig. 5 ) . In contrast to root responses, many genes in secondary metabolism pathways were up-regulated by the stress ( Fig. 5 ) .
A set of 21 of the differentially expressed genes were examined by QRT-PCR in leaf tissues of waterlogged plants over a time-course. These genes were chosen based on their potential to be involved in metabolic pathways affected by root waterlogging, such as: hormone signaling, carbon and nitrogen metabolism, cell growth or photosynthesis. These genes were largely down-regulated by root waterlogging at most time points and could be visually grouped into fi ve clusters based on their expression patterns in leaves ( Fig. 6 , Supplementary Table S5 ). Genes in clusters 1 and 2 generally showed a large decrease in expression at 4 and 8 h after waterlogging, increasing between 8 and 24 h and then declining at 96 h. Larger expression decreases were observed in cluster 1 ( Fig. 6 ). These clusters contained: various genes similar to transporters (DT463593, DT457371, CA992864 and DN758412), the protochlorophyllide reductase B ( porb ) gene involved in chlorophyll biosynthesis (CO076667), an auxin responsive protein (DW510017), a MYB class transcription factor (DW232059) and nitrite reductase (DT468516). The largest group of genes were in cluster 3, which showed a decrease in expression at 4 h and remained low throughout the waterlogging period ( Fig. 6 ). Genes in this cluster showed similarity to: glutamate decarboxylase (AI729592), which is involved in the γ -aminobutyric aciid (GABA) shunt and alanine accumulation under hypoxia, a glycosyl hydrolase and glycosyl transferase (DW226226 and CO090071) involved in carbohydrate metabolism, and phytochelatin synthetase and expansin genes (AI726514, DT467938 and DW236303) involved in cell expansion. Genes in cluster 4 showed decreasing expression Continued until 8 h with an increase in expression between 24 and 48 h, followed by a decrease again at 96 h. This cluster contained only two genes; one a putative pectinesterase and the other an expansin (DT551939 and DW230406). Genes in the last group, cluster 5, showed increasing expression by 8 h followed by a lull at 48 h and increasing again until 96 h ( Fig. 6 ). There were only two genes in this cluster, one with similarity to an invertase inhibitor and the other to the pinhead gene involved in microRNA processing and shoot apical meristem maintenance (DN779868 and DR459476). Of the 21 genes assayed by QRT-PCR, none showed expression patterns consistent with circadian regulation. Correlation between QRT-PCR results and 
Genes associated with major nutrient metabolism pathways showed transcriptional responses in both roots and shoots of waterlogged plants
Gene expression results indicated that root waterlogging could affect mineral nutrient levels, nitrogen and carbon metabolism in both root and leaf tissue. Root waterlogging has been shown to alter levels of nitrogen, phosphorous, iron, calcium, magnesium, manganese and sulfur in cotton (Conaty et al. 2008 , Milroy et al. 2009 ). Our results indicated that transcripts with similarity to the phosphate responsive gene phi-1 (Sano et al. 1999 ) were down-regulated in either roots or leaves, or in both (DT048277, AJ513349, DT051989 and CO123292, Table 1 ).
Iron concentrations in leaves of waterlogged cotton were shown to increase in one report (Conaty et al. 2008 ), but were observed to decrease in another (Milroy et al. 2009 ). Our expression data revealed increased root expression of a homolog (DW505580.1) of the Arabidopsis AtNRAMP genes which are hypothesized to be involved in mobilization of iron stored in the vacuole ( Table 1 ) (Thomine et al. 2003 ) . Also, increased expression in roots was found for homologs of ferritin (DT463826, CO089807), which has a role in iron transport and allocation, but decreased expression for DT463826 in leaves ( Table 1 ) . Sulfur levels have also been observed to decrease in waterlogged cotton plants (Conaty et al. 2008 , Milroy et al. 2009 Fig. 4 Heat map of gene expression in waterlogged roots over time. Selected genes were assayed by QRT-PCR for expression in root tissue at various time points after waterlogging. Green boxes indicate increased expression relative to a zero time point, while red boxes indicate decreased expression. The intensity of color refl ects the degree of change in expression (Log2). Gray spaces indicate no data. Genes with similar patterns of expression were visually grouped together.
up-regulated in roots ( Table 1 ). In contrast, in leaves, a homolog (DT463182) of atcs-c and a homolog (CB097383) of sulfi te reductase ( sir ) which is also a key gene in the sulfur assimilation pathway (Bork et al. 1998 ) were down-regulated ( Table 1 ) . Previous studies of waterlogging have also noted changes in nitrogen levels, photosynthetic rates and carbohydrate content in fl ooded plants (Hocking et al. 1985 , Mason et al. 1987 , Soomro and Waring 1987 , Castonguay et al. 1993 , Malik et al. 2002 , Bange et al. 2004 , Conaty et al. 2008 , Milroy et al. 2009 ). Changes in carbon metabolism genes were apparent in root tissue, as many genes associated with glycolysis and fermentation were induced by waterlogging. Changes in carbon metabolism in leaves were also suggested by decreased expression of genes similar to glycosyl hydrolases (DW226226.1), a sugar transporter (DT463593) and increased expression of a gene similar to an invertase inhibitor (DN779868, Table 1 , Fig. 6 ). Similarly, changes in nitrogen metabolism were indicated in root tissue by increases in expression of nitrate reductase (CO085887) and nitrite reductase (DT468516 and DT468829). Corresponding changes in leaf nitrogen metabolism were suggested by decreased expression of a nitrite reductase (DT468516), a putative proline transporter (CA992864) and glutamate decarboxylase (AI729592) ( Table 1 , Fig. 6 ). Levels of starch and nitrate were slightly increased in leaves of waterlogged plants, but these increases were not statistically signifi cant ( Fig. 7 ) . There was a signifi cant increase in nitrite levels from 0.16 pmol µg −1 in control plants to 0.35 pmol µg −1 in the leaves of waterlogged plants ( t -test, df = 16, P = 0.0016, Fig. 7 ). (fl ower bud) production (and consequently bolls) commensurate with a decrease in total dry matter due to decreased radiation use effi ciency (Bange et al. 2004 ) . It is likely that reduced growth leading to a reduced number of fruiting points underlies waterlogging yield losses (Bange et al. 2004 ). Periods of continuous waterlogging in the glasshouse assays had no impact on plant survival, and roots tips were alive in plants fl ooded for 96 h (Supplementary Fig. S2 ), but stem growth continued to slow and other measures of plant growth such as root and shoot mass, and leaf number all decreased ( Fig. 1 ) . A reduction in leaf number indicates that waterlogging young plants in our assay also affects node development and thus would probably decrease yield by reducing the number of potential fruiting branches. Glasshouse waterlogging also triggered a decrease in leaf conductance, indicating stomatal closure ( Fig. 1D ) . Decreased conductance is a common symptom of waterlogging or reduced oxygen availability to roots (Sojka and Stolzy 1980 ) . This decrease in leaf conductance maintains leaf water potential in the face of decreased water permeability in the roots caused by decreased aquaporin-mediated water transport in response to cytosolic pH decline (Tournaire-Roux et al. 2003 ) . Thus, our glasshouse waterlogging assay replicated phenotypic effects observed in fi eld waterlogging, indicating that our expression data will be relevant to fi eld waterlogging responses. 
Discussion
Growth of cotton plants subjected to root waterlogging
Global gene transcription changes in roots and leaves of waterlogged cotton
In general the correlation between the microarray and QRT-PCR data was high (root R 2 = 0.64, shoot R 2 = 0.88), although the QRT-PCR values tended to be smaller in absolute value. This is likely to be due to increased specifi city of QRT-PCR (that may in some cases be genome specifi c) which is not prone to potential cross-hybridization with related genes that can occur in microarrays. A limitation of our common reference design analysis is the inability to separate waterlogging effects from circadian or developmental changes. However, in Arabidopsis, genome-wide analysis of expression changes at intervals over a 48 h period revealed that only 3.2 % of genes showed rhythmic circadian changes in roots (James et al. 2008 ) , whereas our sampling of the shoots (24 h) negated circadian changes. Therefore, circadian effects are unlikely to affect our data, which is supported by the lack of any obvious clock regulation in our QRT-PCR data. Early sampling of both the roots and shoots minimized potential development changes being detected in our microarray data. However, it is possible that some genes assessed by QRT-PCR may also change expression in response to developmental changes, particularly at later time points (96 h). In untreated root and leaf tissue samples ( Figs. 4 , 6 , Supplementary Tables S4, S5) about one-third of the genes assayed in both root and leaf tissue had expression changes > 2-fold in 96 h samples; these genes were mostly found in root cluster 2 and leaf clusters 1 and 2. In general, for these genes, the expression levels observed in the 96 h untreated samples are similar to those observed in the 96 h waterlogged sample, indicating that their expression is infl uenced by development and growth. Global gene transcription in stressed root tissue signifi cantly altered ∼4 % (1,012 of 24,132 genes on the chip, Supplementary Table S2 ) of the genes assayed, which is in line with results observed in assays of Arabidopsis, rice and poplar gene expression in response to hypoxia and waterlogging, respectively (Klok et al. 2002 , Liu et al. 2005 , Loreti et al. 2005 , Lasanthi-Kudahettige et al. 2007 , Kreuzwieser et al. 2009 ). As with root waterlogging experiments in poplar (Kreuzwieser et al. 2009 ), increased expression of glycolysis, fermentation and some catabolism pathways and decreased expression of synthesis pathways, cell wall and secondary metabolism-associated genes was observed. Gene transcription responses to waterlogging in cotton and poplar resemble that seen in Arabidopsis subjected to hypoxic gas mixtures (Klok et al., 2002 , Branco-Price et al., 2005 , Liu et al., 2005 , Loreti et al., 2005 , reinforcing that, at least initially, the major factor in waterlogging stress is lack of oxygen.
Large differences in global gene expression (∼5 % of genes assayed) were observed in leaves of waterlogged cotton plants, and only 109 genes responsive to waterlogging in leaves were also responsive in roots (∼10 % of either set). In addition to gene expression changes, a reduction in shoot growth was observed in waterlogged cotton plants. These results contrast with a previous analysis of global gene transcription responses to waterlogging in poplar trees which were selected on the basis of high fl ooding tolerance and did not show any changes in leaf gene expression or shoot growth (Kreuzwieser et al. 2009 ). Coincident with the decrease in growth observed in cotton subjected to waterlogging ( Figs. 1 , 2 ), many genes involved in cell wall modifi cation, synthesis and degradation including a number of expansins were down-regulated ( Figs. 5 , 6 ). The expansin family of genes has been associated with leaf elongation in maize and Arabidopsis (Cho and Cosgrove 2000 , Muller et al. 2007 ) , and coleoptile elongation in wheat and rice (Huang et al. 2000 , Gao et al. 2008 ).
Carbon and energy metabolism
In both roots and shoots of waterlogged cotton plants, many genes with potential roles in carbon and energy metabolism were identifi ed as having a signifi cant transcriptional response to the stress. In roots the most notable examples were genes involved in glycolysis, fermentation and mitochondrial electron transport ( Fig. 3 ) , while in leaves genes involved in the starch synthesis pathway were up-regulated ( Fig. 5 ) .
In roots, expression of key genes involved in sugar mobilization and fermentation adh and sus , as well as other genes with a known role in responding to low oxygen stress were found to decline between 48 and 96 h ( Fig. 4 , cluster 1) . The decline in expression for these major fermentation and glycolysis genes may indicate a decrease in throughput for these pathways. Indeed, ADH protein levels increase in oxygen-deprived cotton roots until 48 h after treatment then return to normal by 120 h post-treatment (Millar and Dennis 1996 ) , and ADH activity in cotton roots has been shown to increase up to 48 h posthypoxia and then decline (Millar et al. 1994 ) . When the effects of fl ooding for various durations were studied, responses in daily growth rate following the stress were similar for 48 and 72 h treatments while daily growth rates recovered more slowly in the 96 h treatment ( Fig. 2 ). This suggests that past 72 h, Sicot 71 loses the ability to recover quickly from waterlogging. These results are similar to those observed in sunfl ower, where a slowing of leaf expansion occurred during a waterlogging period in 3 and 6 d treatments but persisted after the waterlogging period in a 9 d treatment (Orchard and Jessop 1984 ) . This is in contrast to wheat, where periods of waterlogging as short as 3 d caused signifi cant and long-lasting effects on seminal root mass, shoot mass and tiller number (Malik et al. 2002 ) . One possibility is that a decrease in fermentative throughput in cotton is related to the simultaneous requirement for a recovery period. This could be due to a diminishing capacity to provide carbohydrate fuel for fermentation, leading to a reduction in energy available for growth. Alternatively, the decrease in fermentation gene expression and the requirement for a waterlogging recovery period could both be due to an adaptive strategy whereby cotton responds to short-term waterlogging by attempting to maintain growth and responds to longer term waterlogging by entering a more quiescent, energy conservation mode. Future experiments such as examining waterlogging recovery responses and carbohydrate levels in cotton lines with constitutively up-regulated fermentation pathways could differentiate between these two possibilities.
Genes with roles in carbohydrate metabolism also had altered expression in leaves of cotton plants. Genes associated with photosynthesis, and especially genes involved in chlorophyll synthesis were down-regulated in leaves of waterlogged cotton plants after 24 h of stress, indicating a possible reduction in photosynthetic rate similar to that seen in the fi eld (Meyer et al. 1987 , Conaty et al. 2008 . Other genes, such as a putative sugar transporter, invertase inhibitor and glycosyl hydrolases, were signifi cantly altered in expression on the microarrays and suggested that carbohydrate metabolism is altered in leaves of waterlogged cotton plants. The putative sugar transporter and glycosyl hydrolases showed decreased expression over a timecourse, while the putative invertase inhibitor showed increased expression ( Fig. 6 ) . These results suggest a decrease in breakdown of leaf carbohydrates and sucrose within the leaf and a decrease in sugar transport. A decrease in sugar translocation from leaves to roots would result in a defi cit of available carbohydrate for fermentation in roots over time. In light of these gene transcription results, we assayed for starch levels in the leaves of waterlogged cotton plants. Previous studies have shown that drought stress can affect leaf starch levels, increasing amounts of starch in older leaves but decreasing it in younger leaves (Ackerson 1981 ) , and waterlogging stress increases starch levels in waterlogged alfalfa (Castonguay et al. 1993 ) . A small, but non-signifi cant, increase in leaf starch levels was observed in our assays. It may be that any increased starch accumulation in waterlogged cotton requires longer than the 24 h time point assayed to become apparent. Indeed, the starch accumulation observed in alfalfa was only apparent after 48 h of fl ooding (Castonguay et al. 1993 ).
Nitrogen metabolism
Waterlogging also affects nitrogen metabolism in plants. Waterlogging treatments in tomato resulted in large increases in ammonia content in fruits (Horchani et al. 2008 ) . Pot-based fl ooding experiments in wheat showed a decrease in total leaf nitrogen as a result of the stress (Malik et al. 2002 ) . Waterlogging treatments of cotton increased total nitrogen content in aerial portions of the plants and this increase was infl uenced by soil type (Soomro and Waring 1987 ) . In contrast, other experiments on waterlogged cotton have reported a decrease in both total and nitrate nitrogen (Hocking et al. 1985 ) . A recent study demonstrated that waterlogging decreased levels of total nitrogen in leaves, but that this was cultivar dependent (Conaty et al. 2008 ) . The cultivar used in this report, Sicot 71, did not exhibit any decrease in total nitrogen as a result of waterlogging (Conaty et al. 2008 ) . Although total leaf nitrogen was not assayed, Sicot 71 did show changes in nitrogen assimilation gene expression and increases in leaf nitrite levels ( Figs. 4 , 6 , 7 ) .
Given the need to maintain balance between carbon and nitrogen levels in the cell and the role of the mitochondrial electron transport chain in this (Quesada et al. 2000 , Noctor et al. 2004 , it is not surprising that major changes in carbon metabolism caused by waterlogging stress should be accompanied by changes in nitrogen metabolism. In roots of waterlogged cotton, nitrate reductase 1 , nitrite reductase 1 and homologs of aspartate aminotransferases were all induced at early time points post-stress, while a nitrate transporter was repressed in roots by waterlogging ( Fig. 4 ) . In leaves of waterlogged plants, decreases in nitrite reductase 1 expression correlated with almost 2-fold higher levels of nitrite ( Figs. 6 , 7 ) . It is not clear what, if any, function this accumulation of nitrite may serve in waterlogged plants.
In addition to genes involved in the nitrogen assimilation pathway, both alanine aminotransferase and GAD ( glutamate decarboxylase ) are induced in cotton roots under hypoxia (Supplementary Table S2, Fig. 4 ). GAD controls one of the key steps in the GABA shunt pathway. It has been proposed that the GABA shunt pathway is responsible for hypoxic accumulation of alanine in Arabidopsis, with alanine aminotransferase being important for remobilization of accumulated alanine, which serves as a carbon and nitrogen store, during recovery from the stress (Miyashita et al. 2007 , Miyashita and . Our results suggest that the GABA shunt is active in cotton roots; it also appears to be active in waterlogged poplar roots as evidenced by GAD expression increases, and accumulation of GABA, succinate and alanine (Kreuzwieser et al. 2009 ).
Sulfur metabolism
Previous assays of metabolite levels in fi eld waterlogged cotton identifi ed sulfur levels as being reduced in stressed plants (Conaty et al. 2008 , Milroy et al. 2009 ). Key genes in the sulfur assimilation pathway were observed to be up-regulated in roots, including sulfi te oxidase (CO499223 and CO498687; Table 1 ). Other sulfur assimilation genes were, however, down-regulated in leaves. Since the previous fi eld studies of metabolite levels assayed shoot tissues it is possible that sulfur levels increase in submerged root tissues, but decrease in aerial tissues. Sulfur assimilation is linked to both nitrogen and carbon metabolism (Kopriva and Rennenberg 2004 ) , so changes in sulfur metabolism may only refl ect associated changes in nitrogen and carbon assimilatory pathways. However, sulfi te oxidase has been linked to H 2 O 2 production and may be involved in detoxifying sulfi te released from catabolized amino acids (Hänsch et al. 2006 ) . The reduction in sulfi te reductase expression (CB097383; Table 1 ) in leaves may be linked to a decrease in photosynthetic activity, as reductant for the plastid-located sulfi te reductase is generated photosynthetically in those tissues where photosyntheis occurs (Yonekura-Sakakibara et al. 2000 ) .
Hormone responses to waterlogging
Many genes involved in hormone production and signaling were found to be affected in both roots and shoots of waterlogged plants. Ethylene has long been known to be involved in responses to hypoxia and is thought to contribute to adventitious root production and aerenchyma formation (Sairam et al. 2008 ) . The response to ethylene in rice controls two antithetical pathways that aid plant survival during submergence. Overexpression of SUBMERGENCE 1A ( SUB1A ), an AP2-EREBP type transcription factor, aids survival under short-term fl ooding by negatively regulating a suite of genes associated with carbohydrate metabolism, ethanolic fermentation and cell expansion , Fukao and Bailey-Serres 2008 . Deepwater rice outgrows rising fl oodwaters aided by the expression of two AP2-ERFBP genes called SNORKEL1,2 ( SK1 , SK2 ) that trigger internode elongation (Hattori et al. 2009 ). Increases in ACC oxidase , ACC synthase , S-adenosylmethionine synthase and a homolog of EIN3 were observed in roots of waterlogged cotton ( Table 1 , Fig. 4 ). Co-ordinately, down-regulation in leaves of an ethylene response factor occurred over a time-course of waterlogging ( Fig. 6 ) and the ethylene production gene ACS6 was downregulated in leaves at 24 h ( Table 1 , Supplementary Table S3 ). These results suggest that ethylene may act as a key signal mediating responses to waterlogging in both roots and shoots.
Both gibberellin and cytokinin levels decrease in the sap of plants subjected to waterlogging, and these factors have been posited to have a role in signaling root waterlogging to the shoot (Burrows and Carr 1969 , Reid et al. 1969 ) . The involvement of these hormones was not well supported by the microarray analyses of gene expression in either cotton tissue. There was no evidence from the microarray results of any change in expression for homologs of the key gibberellin biosynthesis genes GA3ox or GA20ox , or for the gibberellin inactivation gene GA2ox . Two UDP-glycosyltransferase genes which are involved in cytokinin inactivation (Hou et al. 2004 ) were identifi ed in the root microarrays as having decreased expression (Supplementary Table S2, Fig. 4 ) . The results are more in keeping with recent work that has suggested that these plant hormones do not play a major role in the hypoxic responses (Else et al. 2009 ).
Conclusions
Our results show that when waterlogging stress is applied to roots of cotton plants, gene transcription in both submerged root and aerial leaf tissues is affected, contrasting with the case in poplar, where root waterlogging had no effect on gene transcription in poplar leaves (Kreuzwieser et al. 2009 ). There is a complex web of interactions between nutrient transport and metabolism in both roots and leaves of waterlogged cotton plants. Ethylene is implicated as a major hormone involved in the waterlogging response in both roots and leaves. In light of this and the importance of ethylene responses in the submergence phenotype of rice , Hattori et al. 2009 ), ethylene responsive transcription factors in roots and leaves of cotton are promising candidates for manipulating the waterlogging response. Finally, temporal patterns of expression for known low oxygen responsive and ethanolic fermentation genes suggested a link between the strength of low oxygen responses and recovery following waterlogging. Experiments to elucidate the relationship between the photosynthetic rate, carbohydrate production, fermentation and post-stress recovery would help to inform strategies to engineer waterlogging tolerance in cotton. If glycolysis and fermentation gene expression declines due to a lack of carbohydrate, cotton plants engineered to overexpress these genes may fare no better or even worse under waterlogging than wild-type cotton. If the decline in glycolysis and fermentation gene expression as well as plant recovery capability is part of an adaptive strategy, factors which switch between high fermentation/fast recovery and decreased fermentation/long recovery modes would be ideal targets for improving cotton waterlogging responses.
Materials and Methods
Plant lines and growth conditions
Cotton ( G. hirsutum L. var. Sicot 71) plants were grown in a perlite : compost soil mix (30 : 70 v/v) in a glasshouse under natural lighting and a 30 ° C/22 ° C (day/night) temperature regime. To ensure even germination and seedling growth, seeds were pre-sown on wet fi lter paper and incubated at 30 ° C in the dark overnight until radicle emergence. Pre-germinated seeds were then planted in 450 g of wetted soil in cylindrical pots (8 cm diameter × 20 cm high) at a depth of 0.5 cm.
Waterlogging experiments
Cotton plants in pots were placed inside 45 liter plastic tubs at the two-leaf stage. In all experiments 12 plants were used for each treatment. Tubs were then fi lled with water until the water level was approximately 1 cm above the soil level. Water was maintained at this level for the duration of the treatment. For control treatments, plants were watered daily and allowed to drain freely. Oxygen levels in plant pots were recorded using a dissolved oxygen microelectrode (Shelfscientifi c, Los Angeles, CA, USA). During the waterlogging treatments plant growth was recorded daily as the distance between a mark on the plant stem just above the water level and the shoot apex. Root and shoot weights were obtained by removing plants from their pots, washing the roots in water to remove soil, separating aerial and root portions at the hypocotyl and drying tissues at 60 ° C for 3 d. Leaf conductance was measured using a hand-held viscous fl ow porometer (Thermoline Scientifi c, Smithfi eld, NSW, Australia), which measures the time required for a fi xed volume of air at a pre-set pressure to diffuse through a surface. The time required for diffusion is inversely related to the conductance of the leaf.
Root viability staining
Intact roots were stained with a mixture of 50 µg ml −1 PI and 100 µg ml −1 CFDA [from 10 mg ml −1 stock solution dissolved in dimethylsulfoxide (DMSO)] for approximately 15 min. The tissue was rinsed briefl y in water, then fl uorescence images were collected using a GFP2 (long-pass) fi lter on a Leica MZFLIII dissecting microscope (Leica Microsystems Australia). Cells showing bright green fl uorescence have intact membranes and are able to cleave the CFDA to form fl uorescent CF which is retained in the cell cytoplasm. Cells and tissues with strong red fl uorescence have compromised cell membranes allowing entry of PI to stain DNA in the nuclei and mitochondria. Brightfi eld images also show pink staining of tissues that have taken up PI.
Microarray and QRT-PCR experiments
Cotton plants at the two-leaf stage were subjected to waterlogging treatments as described above. Tissue samples for microarray and QRT-PCR experiments were collected by removing plants from soil, washing the roots, excising the main root and the fi rst true leaf from each plant used and fl ash-freezing them in liquid nitrogen. Total RNA was extracted using a hot borate buffer (Cadman et al. 2006 ) after grinding the tissue in liquid nitrogen. For microarray analysis, total RNA was sent to the Australian Genome Research Facility Ltd. ( http://www.agrf.org.au , Melbourne, Victoria, Australia) for labeling and hybridization to the Affymetrix Genechip ® Cotton Genome Array which contains probes specifi c for 24,132 genes. Total RNA was checked for quality and quantity using an Agilent Bioanalyser 2100 (Agilent Technologies, Santa Clara, CA, USA), and a minimum of 7 µg of total RNA was biotin labelled for hybridization.
For both root and leaf comparisons two biological replicates for each of the waterlogged and control samples were used. For roots, RNA from two root tissue samples obtained 4 h after the start of waterlogging were compared with RNA from two root tissue samples obtained at 0 h, or the start of waterlogging. For the leaves, RNA from two leaf tissue samples obtained 24 h after the onset of waterlogging were compared with RNA from two leaf tissue samples taken at 0 h, or the start of waterlogging. Resulting microarray data were analyzed as previously described (Christianson et al. 2009 ); briefl y, signal data were analyzed using the limma Bioconductor package in R; the EXPRESSO function (Gautier et al. 2005 ) was used to calculate a robust multichip average using quantile normalization, background correction and the median polish method as recommended by Bolstad et al. ( 2003 ) and Irizarry et al. ( 2003 ) . For determination of signifi cance, a relative expression change threshold of 2-fold was used along with a <0.05 adjusted P -value calculated by the limma p.adjust method 'fdr' which is derived from Benjamini and Hochberg ( 1995 ) . Microarray data were submitted to the public NCBI Gene Expression Omnibus database (GEO accession No. GSE16467). Microarray expression data were visualized using the Mapman software (Thimm et al. 2004 ) , and functional bins were identifi ed as being signifi cantly responsive to waterlogging stress using the Wilcoxon rank sum test with Benjamini-Yekutieli corrected P -values (Usadel et al. 2005 ) . In order to utilize the MapMan software, a mapping fi le was created to link spots on the Affymetrix arrays to annotation and functional data on the genes those spots represent. This mapping fi le was created in the same fashion as described in Al- Ghazi et al. ( 2009 ) . First, probe sequences from the Affymetrix chip were compared with the cotton TC sequences found here ( http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/ gimain.pl?gudb=cotton ) using BLAST. Secondly, the matching cotton TC sequences were compared with Arabidopsis cDNA sequences using BLAST, cotton sequences with no match were translated and compared with Arabidopsis peptide sequences and any remaining cotton sequences without an Arabidopsis match were translated and compared with translated Arabidopsis cDNA sequences. Through this chain, cotton probes on the Affymetrix chip were linked to Arabidopsis gene IDs and substituted for them in the existing Ath Affy Mapman Mapping fi le. The mapping fi le used for this work has been included as Supplementary Table S6 .
For QRT-PCR experiments Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) was used following the manufacturer's instructions with total RNA and oligo(dT) 20 V primers to generate cDNA. QRT-PCR was then carried out using 20 ng of cDNA, 0.4 U of PlatinumTaq (Invitrogen), 3.5 mM MgCl 2 , 0.2 mM dNTPs and 0.5 µM primers. Amplifi cation products were detected using SYBR green on an Applied Biosystems 7900HT real-time PCR machine (Applied Biosystems, Foster City, CA, USA). Sequences for primers used can be found in Supplementary Table S1 . For QRT-PCR experiments three technical replicate reactions were run on each of three biologically replicated samples. Expression values for each gene were calculated using the ∆ ∆ Ct method (Pfaffl et al. 2002 ) . Data were normalized to the expression of actin (GenBank accession No. CO085205), which was not found to be affected by waterlogging in the microarray experiments. RNA samples from a waterlogging time-course were compared by calculating the expression of a given gene at each of the time points (4, 8, 24, 48 and 96 h) relative to a common reference sample from the same tissue obtained at 0 h, or the start of waterlogging.
Nitrite/nitrate and starch measurements
Nitrite/nitrate and starch levels were assessed in leaves of control and waterlogged plants. For measurements, the fi rst true leaf of each plant was excised and fl ash frozen in liquid nitrogen. Leaf tissue was ground in liquid nitrogen then freeze dried. For starch analysis ∼10 mg of tissue was weighed out and the weight was recorded. The tissue was incubated in water at 60 ° C for 30 min to extract soluble sugars. This extraction was repeated three times, after which the tissue was incubated at 95 ° C for 30 min in 0.2 M potassium hydroxide. Following incubation, the pH was neutralized with acetic acid. Resuspended tissue was then incubated overnight at 50 ° C with 1 U each of α -amylase and amyloglucosidase in 50 mM sodium acetate pH 4.8. Samples of this extract were incubated in microtitre plates at room temperature in the presence of 0.1 M Tris-HCl pH 8, 5 mM MgCl 2 , 1.4 mM NADP and 1 mM ATP. The A 340 nm was read before and after the addition of 2 U of glucose-6-phosphate dehydrogenase and 1.5 U of hexokinase. The A 340 nm was compared with a standard curve generated from 0, 5, 10, 15, 20 and 25 µg of glucose. For nitrite/nitrate analysis, ∼10 mg of tissue was weighed out and the weight was recorded. Tissue was extracted for 1 h in deionized water at 90 ° C. For nitrite analysis, samples of extract were incubated with Griess reagent (Sigma, St. Louis, MO, USA) for 15 min and the A 540 nm was measured and this was compared with a standard curve generated from 0, 2, 10, 20, 25, 50, 75 and 100 µm NaNO 2 . For nitrate analysis, samples of extract were incubated in 25 mM phosphate buffer (0.1 M KH 2 PO 4 , 1 mM EDTA) with 175 µM NADH and 0.05 U of nitrate reductase for 30 min in the dark at 30 ° C to convert nitrate to nitrite. Measurement of nitrate levels then proceeded as described above.
Supplementary data
Supplementary data are available at PCP online.
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